ABSTRACT Frog cutaneous pectoris muscles were treated with low doses of crude black widow spider venom (BWSV) or purified a-latrotoxin, and neuromuscular transmission, quantal secretion, changes in ultrastructure and uptake of horseradish peroxidase (HRP) were studied. When these agents were applied to muscles bathed in a Ca'-free solution with 1 mM EGTA and 4 mM Mg2+ , the rate of quantal secretion rose to high levels but quickly subsided ; neuromuscular transmission was totally and irreversibly blocked within 1 h. The terminals became swollen and were depleted of vesicles; HRP was not taken up . When BWSV was applied to other muscles bathed in a solution with 1 .8 mM Ca t+ and 4 mM Mg 2+ , the rate of secretion rose to high levels and then declined to intermediate levels that were sustained throughout the hour of exposure . Neuromuscular transmission was blocked in fewer than 50% of these fibers . The ultrastructure of these terminals was normal and they contained large numbers of synaptic vesicles . If HRP had been present, most of the synaptic vesicles were labeled with reaction product.
The secretory products of many secretory cells are released by exocytosis from intracellular storage organelles after the membrane of the organelle has become continuous with the plasmalemma (1) . This exocytotic event is usually followed by an endocytotic event that recovers an equivalent area of membrane from the plasmalemma (1, 2) . At the neuromuscular junction, endocytosis occurs rapidly enough to maintain the population ofsecretory organelles, the synaptic vesicles, at near normal levels during long periods of intense secretion (2-7). The factors that control exocytosis have been well studied, and in many systems this process is believed to be triggered by the influx of extracellular Ca" near the sites of secretion (1, 2, (8) (9) (10) (11) (12) . The factors that influence endocytosis, on the other hand, have been difficult to determine, perhaps because they involve components within the cytoplasm that cannot be readily controlled by manipulating the composition ofthe bathing solution (12, 13) .
Black widow spider venom (BWSV) contains a toxin that appears to interfere with endocytosis as it causes a relatively rapid depletion of synaptic vesicles (14) (15) (16) . We have found that the vesicle-depleting power ofsmall doses ofcrude BWSV are highly dependent upon the Ca" concentration of the bathing solution, the depletion being greater in the absence of Ca" . This result suggests that Ca" may be an important factor for endocytosis at the neuromuscular junction.
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MATERIALS AND METHODS
Cutaneous pectoris nerve-muscle preparations were dissected from frogs, Rana pipiens, and mounted in a Lucite chamber at room temperature (17) . The composition of the standard Ringer's solution (in mM) was: Na', 115 ; K', 2.1 ; Ca", 1 .8; Cl -, 116; HP0,2-, 2; H2PO,-, 1; pH, 6.9. 1 mM EGTA was added to all Ca t'-free solutions .
The compound action potential of the muscle was recorded through two platinum wires that ran across the bath; one wire was located at the end of the bath and the other was dipped just beneath the surface of the bathing solution above the point where the nerve entered the muscle. The bath was filled with a constant volume of solution, usually 2.5 ml. The amplitudes of the action potentials recorded in this way ranged from 50 to several hundred microvolts depending upon the size of the muscle, and they changed by <10% when the bath was drained and refilled with the same volume of solution . End plate potentials (epp's) and miniature end plate potentials (mepp's) were recorded by standard electrophysiological technique from end plate regions of muscle fibers that had been impaled with glass micropipettes filled with 3 M KCl (resistance 7-30 MSE).
The muscles were fixed in the recording chambers with a cold solution of 2% OSO, in 0.1 M phosphate buffer, pH 7 .2. Small bits of muscle rich in end plates were dissected out and prepared for electron microscopy as previously described (3, 4, 6, 17) .
Horseradish peroxidase (HRP) (Type Vl, Sigma Chemical Co ., St . Louis, Mo.) was used at a concentration of 1 .7% and was applied to the muscles 20 min before BWSV was added. HRP-treated muscles were fixed with 1% glutaraldehyde and 0 .25% formaldehyde freshly prepared from paraformaldehyde, treated to reveal sites of peroxidase activity, and furtherprocessed as describedpreviously (3, 4, 6) . Thin sections were examined with a Philips 400 electron microscope.
Spider heads (Latrodectus mactans tredecimguttatus) were kept frozen at -80°C and thawed as needed . Crude BWSV was prepared by grinding 8-10 glands in 1 .0 ml of 120 mM NaCl, and the protein content was determined by the Bio-Rad modification of the Bradford procedure (18) . The potencies of the homogenate were not correlated with the total protein contents, and therefore all doses of BWSV have been expressed as glands per milliliter . The average protein content of a gland was 58 ± 21 Wg (n = 10). In all experiments the venom was diluted with 3 ml of bathing solution, the recording bath was drained, and 2.5 ml of the diluted BWSV was added. Paired muscles from individual frogs were used in all of the experiments in which the effectsof Ca"-free and Ca"-containing solutions were compared . The BWSV which was applied to the muscles that were fixed forelectron microscopy was standardized by bioassay . For each homogenate, we determined the dose required to block neuromuscular transmission at over 80% of thejunctions within 30 min, and we applied one-quarter (25%) of this dose to paired muscles bathed either in Ca"-free solution with 4 mM Mg" and 1 mM EGTA or in standard Ringer's solution (1 .8 mM Ca") supplemented with 4 mM Mg'* . BWSV was applied for 1 h and the preparations were then washed for 15 min with Ringer's solution before they were fixed. The compound action potentials of all the muscles used for electron microscopy were measured in Ringer's solution both at the beginning of each experiment and again just before the fixative was added. In some of these muscles, secretion also was monitored by intracellular recording; in others, the compound action potential was checked periodically during the experiment .
a-Latrotoxin was prepared and the activity was tested as previously described (15) . The average a-latrotoxin content of a gland was 2.9 Pg.
RESULTS
In most of our previous work with frog neuromuscular junctions, BWSV was used at doses between 0.07 and 0.15 glands/ ml, and it was applied in bathing solutions that were deficient in Ca" (0-0.5 mM), and enriched in Mgt+ (4 mM) (4, 6, 14-16) . These doses always caused the complete depletion of synaptic vesicles and the total and apparently irreversible block of neuromuscular transmission within 1 h. However, when these doses of BWSV were applied in standard Ringer's solution, neuromuscular transmission was only partially reduced after 1 h, even though the secretion of quanta of acetylcholine (ACh) was accelerated (Fig 1 A) . Similar effects were obtained with purified a-latrotoxin ( Fig. 1 B) . The enhanced blocking action of BWSV observed in the modified Ringer's solution was not caused by the extra Mgt+, because block did not occur when BWSV was applied in the standard Ringer's solution that had been supplemented with 4 mM Mg2+ (Fig. 1 C) .
When the secretion of quanta of ACh was monitored by intracellular recording from single neuromuscular junctions, the results illustrated in Fig. 2 were obtained . In Ca'-free solutions (with 1 mM EGTA and 4 mM Mg") the addition of small doses of BWSV (0.03-0.15 glands/ml) raised the mepp frequency to high levels within 15 min . The frequency then declined to low levels within 30 min, and when Ringer's solution was reapplied after 60 min, neuromuscular transmission was found to be totally blocked and did not recover within 15 min . If Ca 2 +-free solution was applied for l h without BWSV, transmission recovered in some fibers within I min after Ringer's solution was reapplied and was restored in 70% ofthe fibers within 15 min .
When these low doses of venom were applied in standard Ringer's solution, or in Ringer's supplemented with 4 mM Mg2+, a different pattern of secretion was observed (Fig. 2,  right) . Secretion usually began as intermittent high-frequency bursts (19) of quanta that became a continuous secretion at high rates. The frequency declined from the peak levels but persisted at rates near 100/s for at least 1 h. When the nerve was stimulated after this time, manyjunctions generated epp's or triggered muscle spikes (Fig. 2) . Similar results were observed with low doses of purified a-latrotoxin (0.15-0.2 g/ml). Thus, the terminals treated with low doses of BWSV in Ca containing solutions clearly had not been depleted of quanta of ACh in spite of prolonged vigorous secretion, whereas the preparations treated in Cat+-free solution behaved as though exhausted of quanta of ACh.
The ultrastructure of neuromuscular junctions in these two sets of muscles is illustrated in Figs. 3-6 . Figs. 3 and 4 show micrographs of terminals that had been treated with BWSV at a dose of 0.07 glands/ml in the Cat+-free solution. These terminals are totally depleted of vesicles, are swollen, and contain swollen mitochondria. These figures are representative of 62 terminals from three muscles that had been treated with BWSV in the Ca2+-free solution. The terminals from the muscles bathed in the solution with 1 .8 mM Ca`and 4 mM Me' still contained many synaptic vesicles, although localized regions of depletion could sometimes be found (Figs. 5 and 6 ). Neither the terminals nor the mitochondria were swollen. These figures are representative of47 terminals found in three muscles bathed in the Ca"-containing solution.
Because many vesicles were present in these latter terminals, while secretion was still vigorous (Fig. 2) , endocytosis and continuous recycling of synaptic vesicles was presumably occurring . To obtain direct evidence for endocytosis, we carried out some experiments in which HRP was added to the bathing solution. The results are shown in Figs. 7-10 . HRP was found in most of the vesicles in the terminals which had been treated with BWSV (0.07 glands/ml) in the solution with 1.8 mM Ca" and 4 mM Mg2+ (Figs. 7-9 ). The uptake of HRP was observed in all 30 terminals that were found in two muscles that had been treated with BWSV in this solution and it provides direct evidence for extensive endocytosis . Several junctions in each of these muscles were impaled just before fixative was added and all were discharging quanta at high rates. The compound action potentials of the muscles were 46 and 53% ofthe initial amplitudes in Ringer's solution.
No HRP-labeled organelles were found in the terminals of muscles that had been treated with BWSV in the Ca"-free 1 3 5 w1 Effect of BWSV (0.03 glands/ml) on the release of quanta of ACh from two junctions in paired muscles. The numbers at the ends of the traces indicate the time in minutes after BWSV had been added . One muscle (left) was bathed in a Ca"-free solution with 1 mM EGTA and 4 mM Mg2 + . The mepp frequency began to increase -13 min after BWSV had been added (the undulation of the baseline was caused by the fibrillation of a nearby fiber), rose to high levels by 15 min, and began to fall after 18 min . By 30 min the frequency was relatively low, and few mepp's were recorded after 65 min . Then Ringer's was added and the venom removed . When the nerve was stimulated 15 min later, no epp's were recorded and neuromuscular transmission was totally blocked . The second muscle (right) was bathed in standard Ringer's solution . The discharge of quanta began after^-5 min as intermittent bursts, reached high levels by 20 min, declined from the peak levels, but remained relatively high until 65 min . When the nerve was stimulated, the muscle fiber generated an action potential (lowest trace) . The compound action potential of this muscle had declined by only 25%. solution (Fig. 10) . This result was obtained in all 20 terminals that were found in two muscles treated with HRP and BWSV in the Ca"-free solution. HRP did not penetrate the axolemma of these terminals, thus corroborating previous results indicating that the venom does not cause gross damage to the membrane of the terminals (14) . DISCUSSION BWSV causes a massive release ofquanta of neurotransmitters, a profound depletion of synaptic vesicles, and a marked swelling of nerve terminals and their mitochondria (16). When high concentrations of BWSV are used, the release of transmitter and the changes in ultrastructure occur independent of the Ca" concentration of the bathing solution (20, 21) . The present results show that when low concentrations of BWSV (<0 .13 glands/ml or <7 f~g total protein/ml) are used, the changes in ultrastructure are strongly dependent upon the Ca 2+ concentration of the bathing solution and are greater in the absence of extracellular Ca2+. We suggest that the profound depletion of vesicles observed in the absence of Ca" occurs because Ca 2+ is required for endocytosis at the frog neuromuscular junction.
An alternative interpretation ofour results is that the binding of a-latrotoxin to the terminals is enhanced in Ca2+-free solutions. This possibility seems unlikely, however, since Tzeng and Siekevitz have shown that the binding of ... I-labeled alatrotoxin to synaptosomal membranes is reduced in Ca
21
-free solutions with EGTA and increased in Ca2+-enriched solutions (22) . It appears, therefore, that the lack of extracellular Ca 21 potentiates the action of a fixed quantity of bound toxin.
It is evident from our micrographs that a profound loss of vesicles is not the only structural change that occurs in terminals treated with low doses of BWSV in a Ca2+-free solution. Many of these terminals are also severely swollen and contain swollen mitochondria. Therefore, it is possible that the loss of vesicles observed in the absence of extracellular Ca is not caused by the specific failure of Ca2+-dependent endocytosis but results from a general derangement of the axoplasm. For example, the changes in ultrastructure may result from changes in the ionic composition of the axoplasm caused by BWSVinduced changes in the cation permeability of the nerve terminal membrane (23) (24) (25) . The changes in ionic composition might be enhanced in the absence ofextracellular Ca2+, ifCa 21 regulated the flux of other cations across the venom-treated membrane.
The case for a relatively specific failure of endocytosis would be strengthened if we could show that more quanta of acetylcholine were secreted in the presence ofextracellular Ca 2+ than in its absence . The electrical recordings show that secretion continues for a longer period of time in the presence of extracellular Ca2+, and the uptake of HRP by synaptic vesicles demonstrates that endocytosis occurs in this condition. However, the maximum rates of secretion in the two solutions cannot be judged from the oscillograms, and we are applying the methods of fluctuation analysis to our recordings in order to obtain objective measures of these maximum rates (26) . If the requirement by endocytosis for Ca`is general and not restricted to BWSV-induced secretion, then a rapid depletion of vesicles might occur whenever quantal secretion is stimulated in Ca2+-free solutions.
If endocytosis of synaptic vesicles is Ca2+-dependent, then two possible sites for this dependence might be the polymerization of clathrin monomers into coats and the association of clathrin with actin (27) . However, 50 mM Ca" is required to FIGURE 3 Micrograph of cross sections of two branches of a nerve terminal in a muscle treated with BWSV (0 .07 glands/ml) in a Ca t '-free solution with 1 mM EGTA and 4 mM Mg" . The terminal (A) appears to be swollen and contains a swollen mitochondria but no synaptic vesicles. Bar, 1 gm . x 16,000 . FIGURE 4 Micrograph of a longitudinal section of a nerve terminal from a muscle treated with BWSV (0 .07 glands/ml) in a Ca t +-free solution with 1 mM EGTA and 4 MM Mg 2+ . The terminal and its mitochondria appear moderately swollen . A deep invagination of the axolemma is seen on the right (arrowheads) and only a few residual synaptic vesicles are evident (arrow) . Bar, 1 jLm . x 24,000. FIGURE 5 Micrograph of cross sections of two branches of a nerve terminal in a muscle treated with BWSV (0 .07 glands/ml) in Ringer's + 4 mM Mg 2 + . This muscle was the mate to that used in Fig . 3 . The terminal, the mitochondria, and the complement of synaptic vesicles appear to be normal . Bar, 1 gm . x 19,000. FIGURE 6 Micrograph of a longitudinal section of a nerve terminal in a muscle treated with BWSV (0.07 glands/ml) in Ringer's + 4 mM Mgz+ . This muscle was the mate to that used in Fig . 4 . The terminal, the mitochondria, and the complement of synaptic vesicles appear normal . Bar, 1 Am . X 26,000 .
RAPID COMMUNICATIONS FIGURE 7 Low-power micrograph of a longitudinal section of a nerve terminal from a muscle treated with BWSV (0.07 glands/ml) and HRP in Ringer's + 4 mM Mgz+ . Reaction product is seen in the synaptic cleft and in most of the synaptic vesicles present in the axoplasm . The terminal appears normal in all other respects . Sc, Schwann cell . Bar, 1 ram . X 25,000. FIGURES 8 and 9 Higher-power micrographs of two terminals from a muscle treated as in Fig . 7 . Most of the synaptic vesicles are seen to contain HRP reaction product. In Fig . 8 the plane of section passed diagonally through an active zone, and a string of HRPlabeled vesicles is aligned close to the prejunctional membrane (arrows) and one is open to the extracellular space . Bars, 0 .5 ,um . polymerize clathrin into coats in solutions with physiological ionic strength (27) , and it seems unlikely that such high concentrations of Cat' are ever achieved in nerve terminals even in highly localized regions at the active zones . Furthermore, the polymerization becomes independent of Cat' in the presence of a second protein factor derived from coated vesicles (28) . A more pertinent biochemical fording may be the recently described Ca 2 '-and calmodulin-dependent phosphorylation of synaptic vesicles which is half-maximally activated at Caz' concentrations of 10-4 M or less (29) . It is possible that this phosphorylation represents a Cat+-dependent step in endocytosis rather than a Cat+-dependent step in exocytosis as proposed by these authors.
In most of our past work with HRP, fewer than 50% of the synaptic vesicles within a terminal were labeled with reaction product and, therefore, we could not determine whether these labeled vesicles were functional and able to accumulate and release quanta of ACh (2) (3) (4) 6) . In our present experiments with HRP and BWSV in Cat+-containing solutions, most of the synaptic vesicles became labeled with reaction product while the secretion of quanta continued at high rates . These findings indicate that HRP-labeled vesicles are functional and release quanta of ACh.
Finally, these results give additional support to the vesicle hypothesis of quantal release of ACh because they show that when vesicles are present, quantal release and neuromuscular transmission occur, whereas when terminals are depleted of vesicles, quantal release does not occur and neuromuscular transmission is blocked .
